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Abstract 
To reduce the environmental impact of cement industries, cementitious materials are added to the manufacture 
of eco-efficient cements, focusing in industrial wastes. In this paper metakaolinite (MK) based industrial wastes 
have been mixed with cement in order to study the effect of the chemical composition of the raw material in both 
microstructural and mechanical properties of the pastes. Frattini test was also determined. 
The selected kaolin based industrial wastes were previously activated for two hours at temperatures around 
600ºC to transform the inert waste into a cementing material. The industrial wastes materials used were coal 
mining and paper sludge. The second one was mixed with fly ash (50/50 w/w) in order to evaluate the 
performance of ternary blended cements. The mixtures were prepared with OPC and both 6 and 20% of 
activated industrial waste (coal mining and paper sludge + fly ash). 
Prismatic samples (1x1x6 cm) were prepared with water/cement ratio of 0.5 and cured 28 days. After this time, 
mineralogical composition of the samples was determined by XRD as well as mechanical properties 
(compressive and flexural strength, total porosity, etc). 
Besides, portlandite and ettringite, both monocarboaluminate and C4AH13 have been formed in the samples 
after 28 days of hydration. It can be observed that C4AH13 decreases as Ca/Si ratio decreases; with the opposite 
behaviour for the monocarboaluminate.  
From the mechanical properties, porosity decreases from 1 to 28 days of curing as compressive strength 
increases. 
 
Originality 
Several industrial wastes with different composition have been used in cement manufacture with different 
chemical and mineralogical composition giving rise to various hydrated compounds that can modified 
mechanical properties of hardened cement. In this work we explored the influence of the Ca/Si relation of the 
industrial waste in the hydrated compounds formed as well as the influence in the mechanical properties. 
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1. Introduction 
Cement industry traditionally uses in its productive process a huge quantity of waste and by-products, 
in different stages: alternative fuel, raw materials and/or as pozzolanic additions, in order to reduce 
the environmental impact. The use of cementitious materials in the manufacture of eco-efficient 
cements is focused in industrial wastes. Research studies based on clay minerals, as kaolinite, are 
being followed with special attention from the scientific community of the cement industry (Ríos, 
C.A., et al, 2009; Vejmelkova, E., et al, 2010; Janotka, I., et al, 2010; Ptacek, P., et al, 2014; Pesce, 
G.L., et al, 2014; Frías, M., 2006a; Frías, M., 2006b; Martínez, S. and Frías, M., 2011). It is well 
known that these minerals require an activation process to transform the kaonilite into metakaolinite, 
which is a highly pozzolanic product included in the legislation since decades (UNE-EN 197-1, 
2011).  
 
A way to obtain metakaolinite is through the activation of kaolinite based industrial wastes. Recently, 
Frías M., et al. 2008a, and Vigil R., et al. 2007 reported that metakaolinite obtained from paper sludge 
calcinated at temperatures between 650°C and 700°C for 2 h, has similar pozzolanic activity than 
other highly pozzolanic additions, such as commercial metakaolinite or silica fume, and then 
improving performances of blended cements (Bai J., et al, 2003; Vegas, I. et al, 2006; Rodríguez, O., 
et al, 2009a; ; Rodríguez, O., et al, 2009b). Another interesting research line to obtain recycled 
metakaolinite is the recycling of coal mining wastes. These residues come from the processes of 
extraction and washing of coal, which are mainly composed of carbon and clay minerals (kaolinite). 
In 2009, global coal production was 6.941 million tons (www.bp.com), which produces the coal 
mining wastes of about 10%–15%, of coal production (Haibin, L. and Zhenling, L., 2010). In a 
previous work about pozzolanic activity was demonstrated that coal mining wastes show high activity 
when they are calcinated at 600ºC (Frías, M., et al, 2012).  
 
Due to its good behaviour as future eco-efficient additions, this paper conducts a detailed study of 
their influence on the performances of blended cement mixtures (binary and ternary one), with 
substitutions of 6 and 20% of pozzolan at 28 days of hydration. 
 
Blended cements properties depend on the nature and CaO/SiO2 ratio of activated pozzolans. The 
research carried out in this paper included the study on scientific aspects (pozzolanicity, mineralogical 
phases), physical (porosity) and, mechanical properties (compressive strength), and the relationship 
between them. 
 
2. Materials and experimental procedure 
2.1. Materials 
The materials used in this paper are: 
- Coal mining waste activated at 600ºC during 2 hours (CMW) 
The coal mining waste was a coal gangue waste, deposited in a landfill at an opencast mine 
and collected from a Spanish coal Group (Sociedad Anónima Hullera Vasco-Leonesa), sited 
in the León province (Santa Lucia). The coal mining waste (CMW) was activated at 600º C 
for 2 hours of retention in an electric laboratory furnace (ACMW), as the best activation 
  
temperature from economic and energetic point of view (Frías, M., 2012). ACMW was 
ground in an agate mortar and pestle until getting particle sizes less than 63 µm, which were 
analysed by laser granulometry (Frías, M., et al, 1991). The mineralogical composition of the 
CMW is composed mainly by low quartz, micas, calcite, hematite and spinel-like phases 
(kaolinite peaks disappear after calcination) (Figure 1). 
 
- Activated paper sludge (600ºC, 2h) + Fly ash (APS+FA) 
APS was obtained by controlled calcination of paper sludge in our laboratory by means of an 
electric furnace at 600 °C for 2 h, as described in previous work (Frías, M., et al, 2008b). The 
paper sludge was provided by Holmen Paper Madrid. This treatment eliminates the organic 
material, achieves the total dehydroxylation of kaolinite into metakaolinite (MK), and avoids 
an excessive decarbonation of calcite which could result in a significant amount of quicklime, 
a compound well known by its expansive property during hydration. The main crystalline 
compounds of the APS sample are talc and calcite (Figure 1); the peaks for the kaolinite are 
no longer present after calcination. The chemical composition is given in Table 1. 
 
According to the chemical composition (Table 1) the FA met the requirements of ASTM 
Class F and the EN-UNE 450 specifications (UNE-EN 450-1, 2013): SiO2 + Al2O3 + Fe2O3 
contents higher than 70% and low CaO content. As shown in Fig. 1a, the starting fly ash has 
the following crystalline phases: α-SiO2, mullite (Al6Si2O13), hematite and magnetite. An 
amorphous halo appeared between 15 and 35º, 2θ angular zone, which corresponds to the 
glassy component of fly ash. 
 
APS and FA pozzolans were previously mixed with a ratio of 1:1 by weight, and the chemical 
composition of the mix is shown in Table 1. The sum of acid oxides (SiO2 + Al2O3 + Fe2O3) 
is also collected, as it can be shown the pozzolan with a higher content of acid oxides was 
CMW, what give an indication about its high pozzolanicity activity. 
 
- Ordinary Portland cement (OPC) 
The cement was a commercially available Ordinary Portland Cement (OPC) classified as 
CEM I 52.5R supplied by Financiera y Minera (Italcementi group). The main crystalline 
compounds of the OPC are alite (C3S), belite (C2S), C3A, and brownmillerite (C4AF) (Figure 
1), the chemical composition appeared in Table 1. 
 
- Blended cements 
Partial replacements of OPC by 6 and 20% of pozzolan (CMW or APS+FA) were made. The 
corresponding mixtures OPC-pozzolan were called as 100/0, 94/6 and 80/20 (see Table 2). 
Pastes were prepared at a demineralised water-to-binder ratio of 0.5. After mixing, a series of 
six prisms 1×1×6 cm were molded and compacted by vibration. After 1 day at >95% R.H. the 
samples were demolded and cured at 21 °C under >95% R.H. in sealed containers for a period 
of 28 days from mixing. 
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Figure 1 Mineralogical characterization by XRD for initial samples.  
 
Table 1 Chemical characterization by XRF 
Oxide (%) APS FA APS+FA CMW 
SiO2 13.9 55.7 34.8 56.6 
Al2O3 8.3 24.0 16.2 25.3 
Fe2O3 0.5 4.8 2.7 4.6 
CaO 47.1 2.2 24.7 4.2 
MgO 1.6 0.9 1.3 0.8 
SO3 0.0 0.9 0.4 0.3 
K2O 0.3 2.2 1.2 3.1 
Na2O 0.2 0.5 0.3 0.2 
TiO2 0.3 0.7 0.5 1.2 
P2O5 0.2 0.3 0.2 0.1 
LOI* 26.7 7.6 17.1 3.1 
SiO2 +Al2O3 +Fe2O3 22.7 84.5 53.6 86.6 
*LOI: loss of ignition 
 
Table 2 Mixture proportions 
 
CMW 
(% by weigth) 
APS 
(% by weight) 
FA 
(% by weight) 
OPC  
(% by weight) 
100/0 0 0 0 100 
94/6CMW 6 0 0 94 
94/6APS+FA 0 3 3 94 
80/20CMW 20 0 0 80 
80/20APS+FA 0 10 10 80 
 
2.2. Experimental procedure 
The chemical composition of the samples was determined by X-ray fluorescence (XRF) using a 
Philips PW-1480 dispersive energy spectrophotometer, Sc/Mo anode, in working conditions of 80 kV 
  
and 35 mA. 
 
Mineralogical analyses were carried out by X-ray diffraction (XRD) using a SIEMENS D-5000 
analytical powder diffractometer with an automatic divergence slit, graphite monochromator and Cu 
Kα radiation. The XRD data were collected in the angular range 3°≤2θ≤65° with step 0.03° and 
counting time 3 s. The current and voltage intensity applied to the generating X-rays tube has been of 
30 mA and 40 kW and the divergence and receipt splits of 1° and 0.18°, respectively. The different 
minerals from the total percentage have been calculated by the relation between the characteristic 
peak areas. 
 
The textural study of the material was accomplished using electronic microscopy sweep in equipment 
PHILIPS XL-30 with wolfram source. The powder samples were fixed to the metallic slide through a 
graphite plate, in equipment BIO-RED SC-502. Also, it was accomplished with chemical analyses by 
EDX with silicon detector/lithium and analyzer DX41. Data shown in the tables are the average value 
of ten measures, carried out in different fields. 
 
Frattini method, described in European Standard UNE-EN 196-5, was employed to determine the 
pozzolanicity activity of the blended cements. The test involves hydrothermal curing of the blended 
cements for 8 and 15 days at 40 °C and 100% R.H. At the end of the curing period, the suspensions  
were analysed for Ca content and alkalinity. Each mixture was tested twice and the mean values are 
reported. Comparisons are made using the solubility curve of Ca(OH)2 (UNE-EN 196-5, 2011). 
 
Pore size distribution measurements were carried out using a mercury intrusion porosimeter (MIP) 
Micromeritics Autopore IV 9500. It is capable of measuring pore size diameters up to 0.0067 µm. 
Mercury intrusion timing was 10 s per equilibration. Each solid block sample, weighing 
approximately 2 g, was degasified for 10 min prior to testing. 
 
Mechanical strengths were determined by using Ibertest equipment. 
 
3. Results and discussion 
3.1. Pozzolanicity of blended cements 
Figure 2 shows the results obtained by Frattini test for all blended cement pastes, and for the reference 
cement paste too, at 15 days. The results show that the only cement that could be considered as 
pozzolanic cement (Type CEM IV), according to the existing standard, is the cement paste elaborated 
with 20% of APS+FA, but not at 8 days (not shown in the figure). However, these wastes present 
pozzolanic activity when they are analysed in a pure pozzolan/Ca(OH)2 system, according to 
references (Frías, M., et al, 2008c; Frías, M., et al, 2012; Rodríguez, O., et al, 2009a).  
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Figure 2 Frattini test results for pastes at 15 days of reaction. 
 
3.2. XRD results  
The main crystalline hydrated compounds present in the paste at 28 days of curing are: portlandite 
(Ca(OH)2); ettringite (Ca6[Al(OH)6]2(SO4)3⋅26H2O), hydrated calcium aluminate 
(Ca4[Al(OH)6]2.13H2O) and hydrated calcium monocarboaluminate (Ca4[Al(OH)6]2CO3⋅5H2O). The 
other crystalline phases founded correspond to compounds presented in the initial wastes, i.e. quartz, 
calcite; or anhydrous compound presents in the reference cement, as alite, that has not completely 
reacted yet (Figure 3). Hydrated calcium aluminate is favored with the addition of CWM, while the 
addition of APS+FA favored the presence of calcium monocarboaluminate. Both, CWM and APS 
have calcite that can favor CO3-AFm formation against ettringite. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 XRD of pastes at 28 days of reaction. 
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3.3. Mechanical properties 
3.3.1. Compressive strength of blended cements 
Figure 4 shows compressive strength at 1 and 28 days (average of six specimens) for all the studied 
blended cements and the reference cement. All the blended cements have lower compressive strength 
than OPC at 1 day of hydration due to its moderate pozzolanic activity. CMW blended cement pastes 
exhibited slightly higher compressive strength than the OPC paste at 28 days. In pastes containing 
FA+APS, the compressive strength is lower at this age for 6% addition, probably due to the reactivity 
of FA is slower than metakaolin based pozzolans, however the value for 20% replacement is very 
close to the obtained by OPC paste.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Compressive strength of blended cements at 1 and 28 days.  
 
3.3.2. Total porosity of blended cements 
The total porosity of blended cements is directly related to the compression strength results of the 
pastes, as it can be shown in Figure 5, porosity decreases from 1 to 28 days of curing as compressive 
strength increases (Figure 4), which decreases as a consequence of the formation of hydrated phases 
during pozzolanic reaction, as hydrated calcium monocarboaluminate ( 124 HCAC ) or hydrated 
calcium aluminate (C4AH13). Due to the reduction of pores, because of the growing of the hydrated 
compounds that have hydraulic properties, the compressive strength increases (Rodríguez, O., et al, 
2009b). 
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Figure 5 Total porosity of blended cements at 1 and 28 days. 
 
OPC samples are less porous than the samples with substitution due to its moderate pozzolanic 
activity. 
 
3.4. Influence of Ca/Si ratio of pozzolan on the hydrated phases 
The addition of kaolinite based wastes modified the obtained percentage of hydrated compounds, 
especially for hydrated calcium monocarboaluminate ( 124 HCAC ) and for hydrated calcium 
aluminate (C4AH13). This quantity is modified depending on the Ca/Si ratio (Figure 6) and/or Si/Al 
(Figure 7) of each pozzolan. In the case of calcium monocarboaluminate, more quantity is obtained 
with the increase of Ca/Si ratio at 28 days, this ratio is higher for APS+FA pozzolan mix. For the 
hydrated calcium aluminate, the percentage increased in the blended cements elaborated with CMW, 
with minor Ca/Si ratio.  
In the case of Ca/Si ratio samples hydrated 28 days, monocarboaluminate increases with Ca/Si ratio; 
with the opposite behavior for the C4AH13. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 6 Ca/Si ratios for the blended cements at 28 days. 
 
From the point of view of the aluminate phases (ettringite, monocarboaluminate and C4AH13), Si/Al 
ratio of 2.9 give the maximum phases formed. It is also interested to see that as calcite decreases, 
monocarboaluminate increases and less ettringite is formed. 
C4AH13 is formed in high amount for the sample with low Ca/Si ratio and high Si/Al ratio. However 
monocarboaluminate is promoted for the sample with high Ca/Si ratio and lower Si/Al ratio. 
  
 
Figure 7 Aluminate phases evolution with Al/Si ratio for the blended cements at 28 days.  
Mc = monocarboaluminate; Et = ettringuite 
 
 
4. Conclusions 
The conclusions that can be drawn for the present paper are: 
- Coal mining waste activated at 600ºC during 2 hours and a mix of activated paper sludge 
(600ºC, 2h) + fly ash were added to elaborate blended cements. 
- According to Frattini test the only blended cement that can be considered as pozzolanic is the 
one elaborated with the addition of 20% of CMW. 
- The main mineralogical compounds obtained as results of pozzolanic reaction are hydrated 
calcium aluminate and hydrated calcium carboaluminate. Hydrated calcium aluminate is 
favored with the addition of CWM, while the addition of APS+FA favored the presence of 
calcium monocarboaluminate. 
- The value of compressive strength for blended cements with 20% replacement is very close to 
the obtained by OPC paste, although higher values were obtained with the addition of 20% of 
CMW.  
- Porosity decreases as a consequence of the formation of hydrated phases during pozzolanic 
reaction. Due to the reduction of pores, because of the growing of the hydrated compounds 
that have hydraulic properties, the compressive strength increases. 
- More quantity of calcium monocarboaluminate was obtained with the increase of Ca/Si and 
decrease of Si/Al ratio at 28 days, this ratio is higher for APS+FA pozzolan mix. For the 
hydrated calcium aluminate, the percentage increased in the blended cements elaborated with 
CMW, with minor Ca/Si and higher Si/Al ratio. 
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